Introduction
Cell division remains a poorly understood phenomenon despite the scientific efforts of many investigators. The processes of DNA synthesis, protein synSend proofs to: Dr. Neil H. Mendelson, Institut Pasteur, 25 Rue du Docteur Roux, Department de Biochimie et Genetique Microbienne, Unite de Physiologie Cellulaire, Paris, 15th Arrond, France 75724 Cedex 15 thesis, and cell division are enigmatically enmeshed and difficult to untwine.
DNA synthesis and cell division appear coordinated to insure that each daughter cell contains a copy of the parental nuclear material providing for the preservation and continuation of the clone (Adler and Hardigree, 1972; Clark and Maaloe, 1967; Jacob et al., 1966; Rowbury, 1972) . Nevertheless, exceptions have been noted whereby cells continue to divide in the absence of DNA replication (Donachie et al., 1971 ; Inouye, 1969; Spratt and Rowbury, 1971) .
In pursuit of credible and defensible explanations as to what is responsible and by what processes do abnormal divisions take place, a conditional lethal DNA initiation mutant and a minicell producing strain were combined and studied. The DNA initiation mutant, Bacillus subtilis 168-134ts (Mendelson and Gross, 1967) , completes rounds of replication which are underway at the time of transfer to the restrictive temperature but is unable to initiate new rounds.
Generally, division proceeds in an equatorial position resulting in two equal size cells each containing a copy of the parental genetic material, but in the minicell producing mutant, Bacillus subtilis CU 403 div IV-B1, the division sites are abnormally located producing a longer than normal cell containing the nuclear material and a small, anucleate cell (Coyne and Mendelson, 1974; Frazer and Curtiss, 1975; Reeve et al., 1973) . The division process that yields minicells seems to be normal in many ways, for it involves a simultaneous invagination of wall and membrane and proceeds at a rate comparable with that observed for "normal" cell divisions (Adler and Hardigree, 1972) .
Not only are minicell divisions and "normal" divisions apparently governed by a common influence (Jones and Donachie, 1974; Slater and Schaechter, 1974; Zusman and Krotoski, 1974) but it seems possi-ble that in the E. coli system minicell site selection, division initiation (div 52ts), and cross wall elongation (BUG-6) share a like pathway (Zusman and Krotoski, 1974) . Furthermore, a hybrid mutant, div 52ts, and div 27ts, a dnaB mutant which divides in the absence of DNA synthesis, continues to divide after shifting to the nonpermissive temperature which suggests that the chromosome termination signal and div 52ts division initiation cue act on a single membrane site that is altered in div 27ts strains (Zusman and Krotoski, 1974) .
The means by which minicell formation is regulated remains obscure, although recent evidence suggests that DNA segregation may be the process through Which minicell divisions are regulated (W.P. Segel and N.H. Mendelson, in preparation). The purpose of this study was to further examine the influence of DNA synthesis on cell division, by searching for differences in the effect of DNA cessation on "normal" and minicell-producing divisions in the multiple mutant strain (ts-dna B-and minicell-producing).
Materials and Methods
Bacteria. All of the strains utilized were derivatives of Bacillus subtilis 168. Strain CU 403 div IV-B1, 134ts was constructed using as the donor, I68-134ts, which requires thymine and tryptophan (Mendelson and Gross, 1967) and as the recipient, CU 403 div IV-B1 which requires thymine and methionine (Reeve et al., 1973) . Strain 168-134ts is a DNA initiation mutant and div IV-B1 is a minicell-producing strain. Strain M-11 requiring leucine, methionine, and uracil was employed as the recipient in transductional analysis (Reeve et al., 1973) .
Media. Modified Spizizen 1 and 2 (Young and Spizizen, 1961) were used according to Spizizen's procedure for transformation. Trypticase soy broth (TSB, BBL, Cockeysville, Md.) plus 20 gg/ml of the auxotrophic requirement(s) and 2 gg/ml thymine was utilized for determinmg the kinetics of DNA synthesis, autoradiographic studies, and clonal analysis. Strains were maintained on tryptose blood agar base (TBAB) plus the auxotrophic supplement. Penassay broth (PAB) was used to grow cultures from which DNA was isolated. O'Sullivan and Sueoka's method (1967) was used to obtain spores.
Isolation ofDNA. DNA was isolated by growing the cells overnight at 30 ° C, 100 RPM, in PAB plus 20 gg/ml thymine. The culture was centrifuged at 9770 xg for 20 rain and resuspended in 1/10 volume of 0.15 M sodium chloride-0.05 M sodium citrate buffer. Lysozyme (200 gg/ml) was added and the mixture was incubated 1 h at 45 ° C. 50 gg/ml of freshly prepared trypsin were then added and incubation continued for 1 h at 45 ° C. The treated culture was slowly added to about 4 volumes of ice cold 95% ethanol at which time the DNA fibers were spun-out on a hooked glass rod and allowed to air dry for 15 min prior to suspending in 3 ml of 2 M sodium cloride 0.5 M sodium citrate buffer. Approximately 3 drops of chloroform were added to the buffered DNA and allowed to remain about 20 rain prior to elimination by bubbling.
Transformation. Young and Spizizen's method (1961) was followed. Spizizen 1 medium was inoculated with a small amount of the recipient culture and left overnight at room temperature without shaking. The culture was then transferred to a flask and incubated at 30°C with shaking at 250 RPM for 41/2 h. The culture was then diluted 1:10 into Spizizen 2 medium and incubated with shaking for 1 h. One ml of donor DNA (~ 10 ~tg/ml) was added and the mixture incubated 2 h at 30°C with shaking at 250 RPM. One-tenth ml samples of the undiluted culture were plated onto the appropriate selection media and the plates were incubated at 30 ° C for 2-3 days. Transformants were screened for temperature sensitivity and minicell morphology both on minimal and complex media.
Spores. Using O'Sullivan and Sueoka's method (1967) for sporulation the cells were grown overnight at 30 ° C, 100 RPM, in minimal medium plus 0.5% glucose and 20 gg/ml thymine. The following morning the overnight culture was diluted 20-fold into liquid sporulation medium and grown to an OD (660 nm) of 1.4. 0.5 ml samples were spread on the sporulation agar and incubated at 30°C for 15-20 days. Spores were collected with sterile distilled water, purified with lysozyme and sodium lauryl sulfate, and washed by centrifugation. Purified spores were heat-shocked at 80°C for 5 rain after which they were stored at 4 ° C in sterile distilled water.
Kinetics of DNA Replication. Measurement of DNA synthesis was determined by incorporation of tritiated thymine into macromolecules insoluble in cold 7% trichloroacetic acid (TCA). A small sample of the test culture from an overnight plate was inoculated into 20 ml of TSB containing 5 ~tCi/ml tritiated thymine and 2 pg/ ml of nonradioactive thymine. The culture was incubated at 30 ° C with shaking until the OD66on m was approximately 0.1. Then a 0.1 ml sample was pipetted into 8 ml cold TCA and the culture was halved, one portion remained at 30°C and the remainder was shifted to 45 ° C. Samples were withdrawn and treated as described at periodic intervals for at least 3 h succeeding the split. The samples were left overnight at 4°C and the next morning they were filtered onto 0.45 gm HA Millipore filters (Millipore Corp. Bedford, Mass.), washed twice with cold 7% TCA, and placed in scintillation vials to dry. Ten ml of fluor (consisting of 2 g PPO, 0.5 g POPOP per liter of toluene) were added to each vial and the samples counted in a Packard Scintillation Counter.
A utoradiography. The procedure of Caro and van Turbergin (1962) was followed. Ilford L4 emulsion was used (Ilford, Essex, England). TSB, containing 100 gCi/ml tritiated thymine and 2 lag/ml of nonradioactive thymine, was inoculated with an overnight TBAB culture of the test strain and grown with shaking at 30 ° C until an OD660n m of 0.1 was reached. A 0.5 ml sample was pipetted into 0.5 ml of 7% TCA containing 1 drop 3.6% formalin. The culture was halved, one part being left at 30°C and the other shifted to 45 ° C. Samples were periodically withdrawn over a three h period subsequent to the culture split, and treated as previously described. After exposure and development, the cells were observed and photographed with a Wild M-20 phase contrast microscope. Calculations of the percentage of cell length covered with DNA grain clusters was determined for the designated times.
Transduction. The methods for preparing lysates and for inducing competence in the recipient were done according to the protocol of Lovett and Young (1970) . Using PBS1, a lysate was made on the donor, CU 403 div IV-BI, 134ts, which was incubated with the recipient, M-11. Selection was made for metB + and leuA + transductants which were screened for temperature sensitivity; these in turn were observed for the minicell morphology. Appropriate controls were performed (Takahashi, 1961) .
Clone Growth. Growth chambers were constructed by layering TSA plus thymine onto a circular no. 2, 2 mm glass coverlip. After the media appeared opaque, a minute drop of spore suspension was gently dispersed over the agar and allowed to dry for 15 rain at which time air pockets were created by piercing the agar with a sterile toothpick, then another coverslip was placed on top and the chamber sealed with a strip of parafilm. The chambers were incubated at 30°C for approximately 5 h then transferred to a heated incubator stage placed on a Wild phase contrast microscope stage. The growth of the clone was observed and photographed every hour for at least 3 h. Clones were followed at 30 ° C and following 30 to 45 ° C shifts.
Clone Measurement. Time lapse photographs were takin with a 35-ram camera attached to the microscope. Overlapping photo graphic sequences were taken of clones extending beyond a single microscope field. The developed negatives were projected with a stripfilm projected onto the surface of newsprint where the clone was traced. The projector was calibrated showing 1 mm=l gin. The traced clone was measured with a Minerva map measurer (Switzerland) and the results graphed for statistical analysis.
Data Analysis. A PdP8e minicomputer (Digital Equipment Corp., Maynard, Mass.) was used to determine standard deviations and to derive the regression line from a plot of division number versus clone length. A program was constructed from this line that computes the number of divisions expected in clones of various lengths. This program was used to calculate the number of divisions expected at a particular clone length in the test strain based upon the line of regression of the control. Calculation of division equivalent expressed was then determined by comparing the observed number of division at this clone length to the expected number of davisions.
Results

Construction and Verification of Combined Mutant.
Transfer of the ts134 (dnaB) locus into CU 403 div IV-B1 was achieved by transformation. The double mutant grows normally at the permissive temperature 30 ° C, but forms only a haze of growth after 2 h incubation at 45 ° C, on TBAB plus thymine medium. Characteristic sub-polar and central lemon-shaped swelling appear during incubation at 45°C (Fig. 1) . A PBS1 lysate prepared from the combined mutant was used to transduce strain M11. Selection was for Leu + and Met +. The dnaB locus is known to be located in the proximity of the leuA locus which is also close to the div IV-B1 locus, metB, however is positioned further toward the terminus of the chromosome. The genetic location of ts-134 in the combined mutant is shown to be at its proper locus by the transduction data shown in Table I .
DNA replication kinetics were measured by determining the rate of Ha-thymine incorporation into macromolecules insoluble in cold 7% trichloroacetic acid. Figure 2 shows that DNA synthesis ceases 11/2 h after transfer to the restrictive temperature with an 81/2 fold increase, whereas at the permissive temperature DNA replication is not retarded. OD66on m measurements indicate that mass increase continues for 3 h with an increment of 8-fold at the non-permissive temperature. After approximately 3 h at the restrictive temperature the cells begin lysing and by 3t/2 h cellular debris is predominantly observed but at the permissive temperature the cells remain intact. In contrast, the control, CU 403 div IV-B1 (Fig. 3) , synthesized DNA for 31/2 h after transfer with an increase of 13-fold whereas cell mass was still continuing to increase after 4 h. A plot of 3H-thymine (CPM/ 0.1 ml versus OD66onm) in the combined mutant and in the minicell-producing mutant grown both at 30 ° C and 45°C is shown in Figure 4 . The ratios show a deviation only when the combined mutant reaches an OD660n m of 0.33 at 45 ° C. The disparity is an index of the continued growth in the absence of DNA synthesis which occurs in the combined mutant at 45C. Growth in the absence of DNA synthesis was examined by autoradiography. A logarithmic phase culture grown at 30 ° C in TSB containing 100 gCi/ml of tritiated thymine plus 2 gg/ml of non-radioactive thymine was halved at OD66on m of 0.15. One portion was allowed to continue at 30 ° C and the remainder shifted to 45 ° C. At time 0 when the culture was halved, 54.5% of the cell length was covered with DNA grain clusters whereas 120 min later 60.2% coverage was observed at 30 ° C compared to only 8.6% at 45 ° C ( Table 2 ). The autoradiographs (Fig. 5) show that at time 0, DNA is distributed along the cell length barring the polar regions and minicells which lack detectible nuclear material. At 30°C after 120 min incubation the DNA is heavily distributed throughout the central areas of the cells excluding the poles whereas at 45 ° C the cells are deficient in discernible divisions along their extraordinary length and few DNA clusters are seen. These observations correspond well with the DNA replication kinetics pattern discussed earlier and shown in Figure 2 .
Cell growth and division of the combined mutant were studied by observing clones following spore outgrowth in growth chambers, with phase contrast mic- a An exponential culture growing in TSB plus 100 p Ci/ml 3H~ thymine at 30 ° C was halved at time 0. One portion was transferred to 45 ° C. The remainder continued at 30 ° C b Standard deviation roscopy. 232 cells comprising 23 clones grown at 30 ° C and 1156 cells in 97 clones grown first at 30 ° C then shifted to 45 ° C were examined. These data indicate that the probability of minicell production at 30 ° C is 0.44, 2.3 divisions being required on the average to produce 1 minicell. At 45°C the probability is 0.40 (2.5 divisions per single minicell produced). The probability of a minicell division was plotted as a function of clonal length (Fig, 6) to ascertain whether the chance of minicell divisions varied with Fig. 5 . Autoradiographs of 3H-thymine incorporation into DNA of CU403 div IV-B1, ts134. An exponential culture as described in Table 2 was split at time 0 into two portions: (A) was incubated further at 30 ° C, (B) was incubated at 45 ° C. Samples were taken at the times indicated and processed for autoradiography growth. A probability of 1.0 is predominant at shorter lengths where the first and only division gives rise to a minicell. Figure 6 indicates that a prescribed probability of a minicell division does not take place at one designated length. Moreover as the lengths become longer there is greater randomization of the probability of a minicell division. Linear regression analysis of divisions as a function of clone length is a useful measure of division suppression for the slope indicates the length required for a division. CU 403 div IV-B1 and CU 403 div IV-B1,134ts at 30 ° C have similar slopes of 20.8 and 19.8, respectively, whereas the combined mutant at 45 ° C has a slope of 24.9 reflecting greater suppression (Table 3) . In other words, at 30 ° C the minicell producing mutant and the combined mutant display a comparable number of division for a designated length whereas at 45 ° C the combined mutant demonstrates considerably fewer septations at that same length. This reduction is probably a result of the dnaB mutation.
The per cent division equivalent expressed is calculated by comparing the observed number of divisions in a mutant clone of a specific length (experimental) to the expected number of divisions in a wild type clone of that same length.
The per cent division equivalent expressed was determined for the combined mutant at 30 and 45 ° C The abscissa was clone length in gm, the ordinate was total number of divisions present. The regression line was calculated using a PdPSe minicomputer b Data from Mendelson and Coyne (1975) based upon CU 403 (wild type) at 30 and 45 ° C and upon the minicell producing mutant at 30°C (Table 4). There is little difference in the combined mutant's behavior at 30 and 45 ° C for when compared to CU 403 at 30°C it showed 24.1% and 25.5% division equivalents expressed, respectively, at 30 and 45 ° C. In other words division occurs only 1/4 as often as expected. Similarities in the combined mutant at 30 and 45 ° C are once again observed when related to CU 403 at 45°C thereby demonstrating per cent division equivalents expressed as 43.9% at 30 ° C and 47.6% at 45 ° C. When the combined mutant is compared with CU 403 div IV-B! instead of the CU 403 wild-type strain, 63.3% division equivalents are expressed at 30 ° C, 62.9% at 45 ° C. This apparent increase is due to the fact that the CU 403 div IV-B1 minicell-producing mutant is itself division suppressed in comparison with wild-type cultures (Mendelson and Coyne, 1975) . The combined minicell-producing-dnaB-strain is about 15% more division suppressed than the minicell-producing parent strain.
Discussion
Attempts to understand the intricacies of the bacterial cell cycle, particularly the relationships of DNA synthesis, protein synthesis and cell division continue to yield information but the details are still obscure. The initiation of DNA replication is known to be contingent upon specific protein synthesis (Kuempel, 1969; Pierucci and Helmstetter, 1969) which occurs upon attainment of a critical size per chromosome origin (Donachie, 1968) . Once initiated, DNA synthesis can proceed in the absence of further protein production. The cell division process appears to be contingent on proteins synthesized during the cell cycle as well as upon events taking place at the termination of chromosome replication. (Clark, 1968 ; Helmstetter and Pierucci, 1968; Jones and Donachie, 1974; Marunouchi and Messer, 1973) . Inhibitor studies have shown that protein synthesis following completion of chromosome replication is not needed for cell division. These facts have been utilized by Jones and Donachie (1974) , and by Sargent (1975) to construct models of the cell cycle in E. coli and B. subtilis. Both investigators have concluded that following chromosome replication the detachment of DNA terminus from the cell surface somehow seems to initiate cell division and to mark the physical location of division. The continued division in the absence of DNA synthesis observed in certain conditional DNA-mutants which generate DNA-less cells remains difficult to explain (Donachie et al., 1971 ; Hirota et al., 1968 ; Inouye, 1969; Mendelson, 1972; Spratt and Rowbury, 1971) .
Normally, cell division results in the formation of two more or less equal size daughter cells. Several classes of mutants have been found, however, in which unequal size progeny are produced. In certain DNA mutants for example, anucleate cells arise from abnormally long nucleated cells (Inouye, 1969; Mendelson, 1972; Spratt and Rowbury, 1971) . In other mutants loss of control of division site location results in very unequal progeny (Adler and Hardigree, 1972; Frazer and Curtiss, 1975; Reeve et al., 1973) . In the latter category are the minicell-producing mutants which appear to synthesize DNA in a normal manner but which appear to have defects in DNA segregation (Inouye, 1969; Mendelson, 1972; Mendelson and Cole, 1972; Segel and Mendelson, in preparation) .
In the studies reported here, a combined DNA initiation and minicell-producing mutant was constructed by transformation to investigate division patterns. Markers in the combined mutant were verified by transduction. DNA replication kinetics, genome location by autoradiography and clonal analysis of cell division behavior during spore outgrowths were examined.
A 50.8% cotransduction frequency for 134ts and leuA + was found. Eighty-five % of the leuA +, ts transductants were additionally div IV-B1 thus confirming the integration of the ts-dnaB marker at the proper locus in the minicell producing strain's genome. The transductants which were leuA +, ts, and div IV-B1 developed swelling subpolarly and centrally when grown for 2 h at 45 ° C on complex media. The morphology observed appeared similar to that previously described for cells carrying the dnaB marker following incubation at the restrictive temperature (Bazil and Retief, 1969; Mendelson and Gross, 1967) .
DNA replication kinetics in the double mutant strain are affected by the presence of the dnaB mutation but the amount of residual DNA synthesized upon transfer to restrictive temperature is unusually high. Nevertheless, the ratio of protein synthesis to DNA synthesis increases as expected when the cells are incubated at 45°C indicating preferential cessation of DNA synthesis. This disparity is further demonstrated by autoradiographs which show DNA location in the ceils grown under various temperature regimes.
Autoradiographs prepared at the time the culture was halved and one portion shifted to 45 ° C portray 54.5% of the cell length being covered by DNA grain clusters but at 2 h a drastic divergence is observed: at 30 ° C, 60.2% of the cell length is covered with DNA grain clusters but at 45 ° C only 8.6% coverage is detected. This study establishes that between 0 and 120 rain at 45 ° C, limited DNA grain clusters are not dispersed in the same fashion as at 30 ° C; instead the small grain clusters are separated by vast barren regions of growth whereas at 30 ° C, the shorter cells have nearly continuous coverage of DNA barring the polar areas.
The probability of a minicell division, determined from clonal studies of growth and division, at 30 ° C was 0.44, whereas following shift to 45 ° C was 0.40. It appears therefore that the cell division pattern is not influenced by the expression of the dnaB gene in the combined mutant during the period of growth at restrictive temperature where measurements are possible. The values found in this study are however slightly different than those reported by Coyne and Mendelson (1975) for minicell production in the CU 403 div IV-B1 strain (they report 0.33). Whether this difference is due to technical discrepancies or the dnaB mutation is not clear. Unfortunately, in the double mutant strain lysis begins after 2 to 21/2 h incubation at the restrictive temperature and it is impossible therefore to obtain the extensive clonal data needed to detect minor interactions of the dnaB gene upon the div IV-B1 phenotype.
Although specific interaction of dnaB and div IV-B1 was not detected in the study of minicell probability, quantitation of total divisions produced by the combined mutant did reveal a difference between the double mutant and other closely related strains. Using methods of comparison previously described, the per cent division equivalents expressed by the combined mutant grown at 30 and 45 ° C compared with strains CU 403 grown at 30 and 45 ° C, and compared with CU 402 div IV-B1 grown at 30 ° C, were calculated. These data indicate that even when grown at permissive temperature, the combined mutant divides only 24.1% as often as does the wild-type CU 403 strain. Previous study of the CU 403 div IV-B1 mutant indicated 38.75% division equivalents expressed compared to the wild-type strain (Mendelson and Coyne, 1975) . Thus, the combined mutant is approximately 15% less able to divide than the closely related minicell-producing mutant div IV-B1. The division ability of the combined mutant is similar to that observed for the div IV-A1 mutant (Mendelson and Coyne, 1975) . It seems likely that in the case of the combined mutant, division suppression is a ramification of the defective products of both the div IV-B1 and dnaA genes although no biochemical basis for such interactions may yet be offered.
